Methamphetamine (METH) administration mimics many of the symptoms of mania and can produce psychosis after chronic use. Both rodents and man display interindividual variation in response to METH. The molecular mechanisms underlying these differences might be relevant to both stimulant addiction and endogenous psychosis. We treated 50 Sprague-Dawley rats acutely with METH (4.0 mg/kg) and 10 control rats with saline, and measured their behavior for 3 h after drug administration. Animals were divided into high responders (HR) (top 20%) and low responders (LR) (lowest 20%) based on their stereotypy response. They were killed 24 h after injection. Total RNA was extracted from the prefrontal cortex (PFC) and the expression of approximately 30 000 transcripts were analyzed using Affymetrix 230 2.0 GeneChips. Real-time reverse transcription-polymerase chain reaction was used to validate the expression of a select group of genes. Forty-three genes exhibited significant differences in expression in HR vs LR 24 h after METH treatment including a group of immediate-early genes (IEGs) (eg, c-fos, junB, NGFI-B, serum-regulated glucocorticoid kinase). These IEG expression differences were accompanied by the significant downregulation of many of these genes compared to saline in the HR but not LR, suggesting a differential responsiveness of signal transduction pathways in these two groups of rats. In addition, the expression of other transcription factors in the PFC was significantly different in HR compared to LR. These gene expression changes may contribute to individual differences in responsiveness to stimulants and the development of mania and psychosis.
INTRODUCTION
The mechanisms that contribute to the response to methamphetamine (METH) may be relevant to a variety of psychiatric disorders. Acute METH treatment in humans produces many symptoms of mania, including euphoria, increased energy, irritability, racing thoughts, rapid speech, hyperactivity, hypersexuality, decreased need for sleep, and psychomotor agitation (Fibiger, 1991) . Acute METH treatment may, therefore, be a useful model of mania. Chronic METH use commonly results in psychotic symptoms such as paranoid delusions and hallucinations (Segal and Schuckit, 1983) . For these reasons, it has been argued that acute METH may model mania and chronic METH the evolution of mania into psychotic mania. Therefore, the mechanisms involved in the response to METH may be similar to those in endogenous psychoses.
There is considerable variation among individuals in the sensitivity to stimulants such as METH (Alessi et al, 2003) . Vulnerability to stimulant addiction has been shown to have heritable as well as environmental components (Saxon et al, 2005) . Similarly, vulnerability to mania and psychosis has a strongly heritable basis and interindividual variation (Sklar, 2002) . The molecular mechanisms underlying individual variation in response to METH may, therefore, be of relevance to both stimulant dependence and bipolar disorder and psychosis. There is presently only a limited understanding of these genetic mechanisms in man. Information from animal models regarding genes and pathways of possible relevance would be invaluable.
Similar to humans, there are also large variations in the behavioral and neurochemical responses to stimulants in rodents. For example, we have previously reported that Sprague-Dawley rats that received a moderate dose of amphetamine (AMPH) (1.75 mg/kg) could be divided into two distinct behavioral subgroups (Segal and Kuczenski, 1987) . One group, low responders (LR), exhibited continuous locomotion usually characteristic of lower doses, whereas the other group, high responders (HR), exhibited a multiphasic pattern, which included prolonged focused stereotypy more typically associated with higher doses. These data are consistent with a subset of the animals exhibiting a greater sensitivity to the drug.
We have also observed that animals that receive high AMPH doses (greater than 2.0 mg/kg, subcutaneous) exhibit variations in the onset and duration of the stereotypy and poststereotypy hyperactivity phases (Segal and Schuckit, 1983) . Qualitative individual differences in the types of stereotypy are also exhibited (focused sniffing, repetitive head/limb, or oral movements). These data are consistent with differences in individual sensitivity to the stereotypyproducing effects of stimulants in rats. Large individual differences in the behavioral response to stimulants demonstrate the importance of characterizing individual response profiles in order to determine accurately the mechanisms underlying behaviors produced by METH treatment.
Measurement of gene expression in rat brain provides a powerful means to address the molecular mechanisms underlying individual responsiveness to stimulants and there is a large literature on stimulant-induced gene expression changes in rodent brain (reviewed by Harlan and Garcia, 1998; Yuferov et al, 2005) . However, for the most part, these studies have not addressed individual differences. In this respect, Palmer et al (2005) recently identified gene expression differences between mice with different sensitivities to METH treatment. In addition, although many genes and pathways that are altered by stimulant treatment have been discovered, it is likely that additional important changes could have been disguised by the large individual variation in response to these drugs. The power of DNA microarrays to discover novel stimulant-regulated pathways could be augmented by applying this technology to the analysis of individual differences in gene expression in relevant brain regions.
To gain a better understanding of the mechanisms associated with the differences in the individual response to METH, and thereby, further develop a list of candidate genes and pathways of possible relevance to human stimulant dependence, mania, and psychosis, we conducted the present study. Rats were treated acutely with either METH or saline and their behavior measured. METHtreated rats were divided into HR and LR based on their stereotypy response. Animals were killed 24 h later. This time point was selected in order to examine adaptive changes that could also be relevant to chronic treatment as the behavioral response is significantly altered after a second dose at this time point (Segal and Kuczenski, 1987) . The 24-h time point also allowed us to interrogate changes that might underlie these adaptations to treatment. We measured mRNA expression in the prefrontal cortex (PFC) as evidence is consistent with this region contributing to the expression of stereotypy (Lipska et al, 1998) , and changes in this brain region are also relevant to severe psychiatric disorders (Lewis et al, 2005) . Affymetrix Genechips containing approximately 30 000 transcripts were used to compare gene expression between HR and LR, and between these two groups and saline control.
METHODS

Subjects
Sixty male Sprague-Dawley rats (325 g) obtained from Simonsen laboratories (Gilroy, CA), were housed for 2 weeks before experimental manipulation in groups of two or three in wire mesh cages, with ad libitium access to food and water, in a temperature-and humidity-controlled room. The room as well as the experimental chambers were maintained on a reversed 12-h dark (0700-1900), 12-h light cycle to facilitate testing during the normal activity phase of the awake/sleeping cycle. During the dark period, all facilities were illuminated with red light to enable accurate observation of the animals. All studies adhered to animal welfare guidelines (Principles of Laboratory Animal Care, NIH Publication no. 85-23).
Drugs
D-METH hydrochloride (Sigma Chemical Co., St Louis, MO) was dissolved in saline and administered subcutaneously (s.c.) (2 ml/kg). Doses represent the free base.
Behavior
Behavior was monitored in custom-designed activity chambers. Please see Segal and Kuczenski (1997) for a detailed description of the behavioral methods and measurement of stereotypy. Raters who were unaware of the specific experimental conditions rated the videotapes on the basis of behavior ethograms and rating procedures established previously. Stereotypy and other behaviors were assessed as the percentage of the observation interval during which the animal engaged in the specific behavior and/or the number of times the behavior was displayed. The magnitude of the stereotypy response was also evaluated in terms of the onset of focused stereotypies and the duration of the focused stereotypy phase. Subjects were divided into HR (top 20%) and LR (lowest 20%) based on these criteria.
General Procedures
Three days before the beginning of drug administration, animals were placed in individual experimental chambers, where they remained for the duration of the experiment. To habituate animals to the procedures, they were handled and injected with saline once a day. Fifty rats were injected s.c. with 4.0 mg/kg METH and an additional 10 rats were injected with saline. This experiment was designed to optimize the detection of gene expression differences between HR and LR. To decrease the variation between HR and LR, all METH-treated rats were injected before the saline-treated animals. Because this approach may have introduced the confound of detecting circadian variation in gene expression between METH-treated and saline-treated rats, we have only reported METH-induced changes in expression for genes that exhibit significant differences between HR and LR. Behavior was measured for 3 h after injection as described previously. Twenty-four hours after injection, all rats were killed, brains removed, and the PFC was dissected and quick frozen in liquid nitrogen and stored at À801C.
GeneChip experiments
Total RNA was isolated from tissue using RNeasy columns (Qiagen, Valencia, CA). RNA quality was checked by Agilent Lab-on-a-chip and spectrophotometry (260/280). Total RNA (5 mg) was used to prepare cDNA. cDNA synthesis, cRNA amplification, hybridization to Affymetrix 230 2.0 Genechips, and subsequent washes and scanning were performed according to the Affymetrix standard protocols (http://www.affymetrix.com/support/technical/manuals.affx). The cRNA from individual animals was hybridized to each GeneChip.
DNA Microarray Data Analysis
Raw images were analyzed and features extracted using GCOS 1.1 (Affymetrix, Foster City, CA). The resulting CEL files containing probe level information were then normalized and converted to gene intensity values by the Robust Multi-Array Average algorithm (Irizarry et al, 2003) . Statistical analyses were performed on these normalized values for the saline, HR, and LR groups by ANOVA followed by Student-Neuman-Keuls (SNK) post hoc tests (Genespring, Agilent Technologies, Palo Alto, CA). Significant gene expression differences between HR and LR detected by ANOVA (po0.01) and significantly different by SNK post hoc analysis (po0.05) are described in this paper. We chose an ANOVA nominal po0.01 as an arbitrary cutoff to detect the most robust gene expression differences. No genes survived statistical analyses that corrected for multiple comparisons of the 30 000 transcripts. Genes exhibiting HR/LR or LR/HR ratios o1.1 were excluded. GeneSpring refers to these ratios as fold change. Expression differences were based on fold change calculated as the average expression over all samples in condition 1 divided by the average expression over all samples in condition 2. Both HR/LR and LR/HR ratios were used to determine the exclusion criterion as neither group served as a baseline comparator. Hierarchical Cluster Analysis (GeneSpring) was performed on those genes that exhibited significant expression differences between HR and LR to identify similar expression patterns. MetaCore GeneGo (St Joseph, MI) was used to identify pathways and networks. Database for Annotation, Visualization, and Integrated Discovery (DAVID) (National Institute of Allergy and Infectious Diseases) and NETAFFX (Affymetrix) were used to annotate genes.
Taqman Reverse Transcription-Polymerase Chain Reaction (RT-PCR)
First-strand cDNA was synthesized using SuperScript III (Invitrogen, Carlsbad, CA). For each sample, 1 mg of total cellular RNA was reverse transcribed in a 20 ml reaction with 50 ng of random hexamer primers and RNaseOUT according to the manufacturer's protocol. cDNAs were then diluted 1:7 with H 2 O and 7 ml were assayed for level of RNA expression by real-time PCR using Applied Biosystems' TaqMan Gene Expression Assays performed on an Applied Biosystems 7300 in a 20 ml reaction with Universal PCR Master Mix (without AmpErase s UNG) according to the manufacturer's protocol. Genes and assay ID numbers were as follows: for serum-regulated glucocorticoid kinase (Sgk), Rn00570285; for activity-regulated cytoskeletal protein (Arc), Rn00571208_g1; for beta-2-microglobulin (B2M), Rn00560865_m1; for ribosomal protein S6 (RPS6), Rn00820815_g1; for c-fos a custom Assay-by-Design was used. Each assay was performed in triplicate, C t values were converted to a linear scale, and the mean for each triplicate was determined. Two 'unregulated' genes, RPS6 and B2M, were selected for normalization based on their having minimal variance across all animals as detected by the Affymetrix chip. The RT-PCR values for these two controls were equally weighted and combined by adjusting the mean linear value of all samples for each control gene to 1.0 and then averaging the two values for each cDNA sample. The result for each experimental triplicate was then normalized to this corresponding weighted control.
RESULTS
Behavior
The temporal pattern of locomotor activation induced by 4 mg/kg of METH administration was consistent with our previous data (Segal and Kuczenski, 1997) . Rats exhibited a triphasic response consisting of early and late periods of primarily locomotion and an intermediate phase of continuous focused oral stereotypy (Figure 1 ). Individual behavioral profiles were divided into HR and LR based on their stereotypy response to METH. HR exhibited a stereotypy response to METH in the upper 20% of the rats screened and LR in the bottom 20%. Compared to the LR, the HR displayed a decreased latency to intense focused oral stereotypy (30 vs 40 min postinjection) and a longer duration of focused oral stereotypy (140 vs 80 min postinjection). The stereotypy data approximated a normal distribution. The results in each group were qualitatively similar in that (1) the multiphasic shape of the locomotor response was comparable and, (2) all animals exhibited predominantly oral behaviors and repetitive head and limb movements. In addition, consistent with their higher levels of stereotypy, the HR exhibited significantly decreased crossovers compared to LR for the first 30 min (t(18) ¼ 3.3, po0.01), corresponding to the more rapid onset of focused stereotypies and 90-180 min (t(18) ¼ 3.0, po0.01) after METH administration, corresponding to a longer duration of stereotyped behaviors (Figure 1, inset) .
Gene Expression Analyses
We performed several methods of quality control to confirm that all RNA probes and DNA chips were of the highest quality. In this regard, the 3 0 :5 0 ratio expression signal for 3 0 probes compared to 5 0 probes for the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was o1.21 and 40.91 for all samples, indicating a high level of transcription across the entire transcript. In addition, for all 30 DNA chips background values were o105, which is considered an acceptable background hybridization (Affymetrix).
Differential Gene ExpressionFHR vs LR
We detected 43 genes that exhibited significant differences in expression in HR vs LR 24 h after METH treatment (ANOVA po0.01 and significant by SNK post hoc test), with a minimum HR/LR or LR/HR ratio X1.1. Hierarchical Cluster Analysis of these 43 genes is displayed in Figure 2 . Genes that exhibited more highly correlated levels of gene expression are clustered together, suggesting coregulation. Several patterns of gene expression can be delineated from this cluster analysis. However, the most robust pattern is of genes exhibiting significantly decreased expression in HR relative to LR. Genes that exhibited significant differences in expression between LR and HR are displayed in Table 1 and grouped by functional category. Categories are represented that included a minimum of two genes. The functional group that displayed the greatest changes in response to METH was immediate-early genes (IEGs). Other functional categories displaying the greatest number of changed genes included: other transcription factors, signal transduction, ion transport, and cytokine regulation. These expression differences suggest substantial adaptive changes in a variety of systems relevant to neural function.
These METH-induced changes in IEG expression including c-fos, NGFI-B, Arc, junB, MAP kinase phosphatase (Cpg21), and Sgk are displayed in Table 1 and Figure 3a .
The most striking aspect of these gene changes is that for most of these genes the level of expression of the HR group is lower than that of the LR group. This is true whether the gene is upregulated in relation to saline or downregulated.
As shown in Table 1 and Figure 3b , transcription factors other than IEGs also displayed some of the most significant differential changes observed. In contrast to the IEGs, most of these transcription factors were upregulated in the LR but not in the HR. These factors included CAAT enhancer binding protein b, activating transcription factor 5, zincfinger protein 189, and transcription factor IIH. Consistent with the IEGs, gene expression for most of these genes was lower in HR compared to LR.
A number of genes of relevance to signal transduction exhibited significant expression differences between HR and LR, including adenylate cyclase 5, glycogen synthase kinase 3 alpha (Gsk-3a), diacylglycerol O-acyltransferase, and caspase-3. These gene expression differences are exhibited in Table 1 . Of note, for the vast majority (81%) of the genes differentially expressed in HR vs LR, the level of expression was lower in HR compared to LR.
Gene Expression Differences Validated by Taqman RT-PCR
Sgk, c-fos, and Arc were selected from the METH-induced gene expression changes for validation with Taqman RT-PCR. The significant gene expression differences between SAL and LR for Sgk, and saline and HR for c-fos and Arc detected on the GeneChips were verified for all these genes (po0.05) (Figure 4 ). In addition, comparison of the microarray and RT-PCR expression values for each of these genes revealed a significant Pearson's correlation for each of these genes (Sgk: r ¼ 0.71; c-fos: r ¼ 0.80; Arc: r ¼ 0.81; po0.001). However, the significant differences detected by the DNA chips between LR and HR for Sgk, c-fos, and Arc were all detected as nonsignificant trends consistent with the direction of change by RT-PCR. These data suggest that some of these gene expression changes were too small to be reliably detected as significant differences by real-time RT-PCR and are most likely owing to the greater interindividual variation in the METH-treated animals for the RT-PCR data compared to the DNA GeneChip data. 
DISCUSSION
To identify gene expression and pathways that respond differently to METH treatment in HR compared to LR, we measured the expression of approximately 30 000 transcripts in the PFC 24 h after METH treatment. These data revealed many significant differences in gene expression between HR and LR. For example, we detected significant differences in IEG expression in HR vs LR that were reflected in a significant downregulation in the HR but not in the LR compared to saline 24 h after METH treatment. IEGs such as c-fos are typically upregulated 1-2 h after stimulant treatment in several brain regions (Graybiel et al, 1990; Shilling et al, 2000; Cadet et al, 2001 ), a response indicative of general cell activation. Of the IEGs that have been studied over a prolonged time course including c-fos, several exhibit a significant downregulation 12-48 h after stimulant treatment (Ennulat et al, 1994; Persico et al, 1995) , consistent with our results. HR but not LR exhibited a significant downregulation of these genes, raising the possibility that in previous studies the enduring downregulation detected in stimulant-treated animals actually reflects individual differences in METH response that are primarily owing to IEG expression changes in HR. Many of these downregulated IEGs, such as c-fos, NGFI-B, etc, are transcription factors, which are regulated by upstream signal transduction processes. The differences in the regulation of these genes in HR and LR would suggest differences between these two groups in one or more of the upstream regulatory processes that contribute to the expression of these transcription factors. For example, activation of D1 receptors is necessary for AMPH-induced upregulation of c-fos (Konradi et al, 1994; Moratalla et al, 1996) . D1 but not D2 antagonists block METH-induced upregulation of IEGs in the cortex (Yamagata et al, 2000; Glickstein and Schmauss, 2004) . In addition to D1 activation, G-protein activation of cAMP and resulting CREB phosphorylation by protein kinase A are necessary for AMPH regulation of c-fos transcription (Konradi et al, 1994) . Adenylate cyclase 5 is also differentially regulated in HR vs LR plays a major role in integrating D1 and D2 receptor-mediated activation of this pathway (Lee et al, 2002) . This pathway is displayed in Figure 5 . Furthermore, activation of D1 receptors also plays a major role in the expression of stereotypy (Chartoff et al, 2001) .
Other nontranscription factor IEGs were also differentially regulated in the HR and LR, including Arc, Sgk, and Cpg21. METH-induced alterations in the expression of these genes is also consistent with previous reports (Takaki et al, 2001; Gonzalez-Nicolini and McGinty, 2002) . These genes also have been reported to be upregulated shortly after stimulant administration. To the best of our knowledge, this is the first report of a lasting upregulation of Sgk and a lasting downregulation of Arc and Cpg21 after acute stimulant treatment.
The function of a lasting difference in IEG expression between HR and LR reflected in the downregulation of IEGs specifically in the HR but not LR has several possible interpretations. It has been previously suggested that these enduring changes in IEG expression could contribute to the mediation of long-term effects of stimulants (Ennulat et al, 1994) . This possibility would suggest that METH treatment in HR and LR produces different long-term effects. It is possible that this downregulation represents compensatory adaptations to the initially large increases in the expression of these genes that have been consistently observed shortly after stimulant treatment. Therefore, 24 h after METH treatment gene expression alterations could be owing to the direct effects of the drug or adaptive changes. Although it would be difficult to differentiate these two possibilities, gene expression differences between HR and LR that are owing to either drug effects or adaptive changes would both represent individual differences in response to METH.
It is also possible that 24 h after METH treatment changes in the expression of IEGs (as well as other genes) are owing to the activity differences (locomotion or stereotypy) between the HR and LR. In fact, locomotor activity transiently increases the expression of several genes in the rat motor cortex and hippocampus (eg, c-fos) (Eilam et al, 1999) and could also induce gene expression in the PFC. However, it would not be possible to differentiate unequivocally the effects of METH and activity differences on gene expression under our experimental conditions.
Evidence suggests that IEGs could also play a neuroprotective role against the neurotoxic effects of METH. For example, mice lacking c-fos exhibit greater METH-induced neurotoxicity (Betts et al, 2002) . Consistent with a neuroprotective effect, several apoptosis-related genes (see Table 1 ) were also differentially regulated in the HR vs LR. It seems plausible that as IEG expression is usually rapidly induced after various stressors and drug treatments, these genes could provide a protective response to these adversive stimuli. Consistent with this possibility, animals that are more sensitive to a drug, such as the HRs, would exhibit a greater IEG response such as the significant downregulation of many IEGs in HR but not LR. In this respect, it would be important to determine if HR also exhibit a greater increase compared to LR in IEG expression shortly after METH treatment.
Many additional transcriptional regulators also exhibited significant HR vs LR expression differences. For example, CAAT enhancer-binding protein b, which was reported previously to be upregulated by stimulants (Cadet et al, 2001; Sokolov et al, 2003) , was upregulated in the LR but not HR. In addition, the differential regulation of activating transcription factor 5, a protein that alters transcription in response to changing cellular cAMP levels is consistent with different adaptations in cAMP signal transduction pathways, as are differences in the expression of adenylate cyclase 5. These differences in the regulation of transcription factor expression also suggest that HR and LR exhibit different long-term adaptations to METH treatment. Differential changes in other functional processes represented by the differentially expressed genes such as signal transduction, ion transport, and cytokine regulation represent additional potential neural adaptations to the differences in response to METH in LR and HR.
Lithium has been reported to negatively regulate Gsk-3a (Beaulieu et al, 2004) and therefore expression changes in this pathway could be relevant to mania. In this regard, Gsk-3a was differentially expressed in HR vs LR and has previously been reported to be downregulated after stimulant administration (Yuferov et al, 2005) . The downregulation of Gsk-3a in HR but not LR ( Figure 5 ) could represent a compensatory adaptation to differences in these pathways in these two groups of rats. This protein contributes to the downstream regulation of the behavioral effects of dopamine (DA) mediated by the D2 receptor. It is thought that the synergistic effects of D2 agonists on D1-mediated behaviors could occur through this signal transduction pathway that is modulated by Gsk-3 (alpha/ beta) (Beaulieu et al, 2004) . Therefore, the differential expression of this gene in HR vs LR in response to METH administration could represent adaptations to differences in upstream signal transduction mechanisms between these two groups.
The relatively subtle fold changes detected in our study are consistent with previous studies using individual animals to investigate the effects of METH in the brain. In this regard, Bowyer et al (2004) found that METH treatment produced greater than three-fold changes in expression shortly after treatment. However, changes 24 h and longer after METH are consistent with less than two-fold changes (Bowyer et al, 2004; Ogden et al, 2004) .
Of note, most of the genes (81%) that exhibited differential expression between HR and LR tended to exhibit lower expression levels in the HR compared to LR. For downregulated genes, this expression pattern most likely reflects more enduring expression changes in HR vs LR, which could be owing to a differing time course of expression. For genes upregulated in LR but not in HR, these expression differences could also reflect a different time course of expression for these two groups of rats. Figure 5 Working model of the differential effects of METH in HR and LR on dopaminergic signaling pathways. Dopaminergic activation of D1 receptor positively regulates the cAMP pathway resulting in differential effects on downstream gene expression (eg, Adcy5, c-fos, and junB) in HR vs LR. D2 receptor activation inhibits Akt enhancing the action of Gsk-3 (alpha/beta) on its downstream targets and Gsk-3a is downregulated in the HR but not the LR. These gene expression changes suggest differential responsiveness of these signal transduction pathways and differential longterm adaptations in HR vs LR (adapted from Beaulieu et al, 2004) . Abbreviations: D1R, dopamine (DA) D1 receptor; D2R, dopamine (DA) D2 receptor; Adcy5, adenylate cyclase 5; Atf5, activating transcription factor 5; PKA, protein kinase A; CREB, cAMP response element-binding protein; and Gsk, glycogen synthase kinase.
For example, at 24 h after METH treatment, a gene still upregulated in the LR could have been upregulated at a previous time point in the HR but at 24 h after treatment expression has decreased to baseline consistent with a different time course of expression. In this regard, one of the limitations of our study is that we only used one time point. Therefore, to determine if these possibilities are correct, time course studies will need to be performed.
There are a limited number of reports addressing neurochemical correlates of the individual differences in the behavioral response to stimulants. For example, Palmer et al (2005) recently reported that a number of genes were differentially expressed in the nucleus accumbens of mice bred for high and low behavioral responses to METH. None of these genes were detected as differentially regulated in HR vs LR, in our study. This is not surprising as our approach identified differences in gene expression of relevance to the variation in METH responsiveness in the PFC of rats, whereas the Palmer et al (2005) study identified gene expression differences between drug-naïve HR and LR in the nucleus accumbens of mice.
In addition, of relevance to individual differences, Segal and Kuczenski (1987) found that after a moderate dose of AMPH used to behaviorally differentiate HR from LR, HR exhibited significantly higher levels of homovanillic acid (30 min after treatment) in the frontal cortex than LR, suggesting a differential DA response in this brain region. In addition, Hooks et al (1992) found that in response to cocaine HR animals exhibited significantly higher DA levels in the nucleus accumbens compared to LR. These differences in the homovanillic acid and DA levels are consistent with D1/D2-mediated signal transduction differences in gene expression between HR and LR.
It is of great interest that several genes known to be regulated by glucocorticoids were among the genes differentially regulated in HR vs LR, for example, Sgk, c-fos, junB, NGFI-B, and Cpg21 (Umemoto et al, 1997; Wu et al, 2004a) . All of these genes also have previously been reported to be regulated by stimulant administration. In addition, Gsk-3 signaling pathways have also been reported to be regulated by glucocorticoids (Wu et al, 2004b) . As higher levels of plasma glucocorticoids are associated with increased levels of stimulant-induced stereotypy (Swerdlow et al, 1993) and glucocorticoids regulate the expression of genes induced by METH treatment, it seems possible that differences in responsiveness of the hypothalamic-pituitary-adrenal (HPA) axis to METH treatment could underlie some of the behavioral differences exhibited by LR vs HR.
We previously had performed a microarray study on the caudate of these animals and found a small number of significant differences between HR and LR that were characterized primarily by expressed sequence tags (ESTs) (data not shown). Because of the high percentage of ESTs and the lack of multiple genes represented in specific functional categories, these data were difficult to interpret. It might be expected that as the PFC is not as intimately associated with stereotypical behavior as the caudate that METH-induced gene expression, changes in this brain region may not be as relevant to these behaviors. However, as previously described, the PFC modulates stereotypy and the more robust METH-induced differences in HR vs LR gene expression in the PFC suggests a role for this brain region in individual differences in responsiveness to this stimulant.
Finally, stimulant-induced behavioral sensitization, the augmented behavioral response to repeated stimulant treatment, is seen as soon as 24 h after an acute METH injection. Therefore, expression differences we detected 24 h after METH treatment between HR and LR could also be relevant to differences in behavioral sensitization in these two groups of rats. For example, HR were reported to exhibit a different behavioral response compared to LR to repeated AMPH injection (Segal and Kuczenski, 1987) , which could be owing to the different adaptations in signal transduction pathways we detected 24 h after METH treatment in these two groups of rats. Although it is not totally clear whether the gene expression changes we detected reflect drug effects or adaptive changes, any change detected 24 h after METH treatment could have relevance to sensitization.
In summary, we detected many differences in gene expression in HR compared to LR after METH treatment that could be relevant to the differences in behavioral responsiveness between these two groups. In this regard, it is likely that differentially expressed genes in HR vs LR represent different long-term adaptations in signal transduction pathways 24 h after stimulant administration that could contribute not just to interindividual differences in initial responsiveness but also to the enduring effects of behavioral sensitization. Interestingly, many of the differentially expressed genes are also regulated by glucocorticoids, suggesting a role for the HPA axis in modulating some of these differences in responsiveness. Because of the many similarities in the behavioral responses in rats produced by METH treatment and mania in humans, it is possible that the gene expression differences reported here could identify genes and pathways that mediate the individual variation in susceptibility to mania, psychosis, and stimulant dependence.
